Colloidal deposition versus shear and polymer/surfactant composition.pdf by Zhang, Lechuan












A thesis submitted to Johns Hopkins University in conformity with the requirements for  
 















© 2020 Lechuan Zhang 





Deposition and detachment of silica particles on glass substrate in presence of oppositely 
charged polymer/surfactant(P/S) were directly observed under diluting shear flow using flow cell 
apparatus and video microscopy. The hydrodynamic mechanism for deposition under a ramping 
shear flow was studied for evaluating lateral adhesion of particles. In experiments, all particles 
were initially deposited in a quiescent fluid mediated by synergistic P/S complex (acrylamide-
acrylamidopropyltrimonium copolymer (AAC) & sodium lauryl ether sulfate (SLES)). However, 
these particles can be washed off partially by ramping shear flow. At a certain timepoint, the 
detachment would seize and most detached particles near substrate would redeposit. This timepoint 
is found to be simultaneous with local dilution under different conditions. A preferential dilution 
for surfactant in adsorbed layer is surmised to be responsible for this phenomenon. After dilution, 
polymer would stay adsorbed and regain available charges from surfactant. Stiffer bridges could 
form to seize further detachment and redeposit detached particles. Apart from the role of dilution 
in compensating final percent deposition, initial composition of P/S also has great impact by 
determining percent detachment before dilution, which was found to have a non-monotonic 
dependence on concentration of polymer. These findings illustrate the mechanism of particle 
deposition under a shear flow and the effect of both dilution and P/S composition in determining 
final percent deposition, which is important to optimizing delivery efficiency in multi-component 
formulation applications. 
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1.1. Significance  
Deposition of colloids from complex fluid has various applications in biological systems, 
oil and mining industries, pharmaceutical and personal care product1. Deposited colloids are often 
inevitably exposed to shear flow in such systems. In absence of lateral adhesion, they can be easily 
removed from surface. Complex formulation containing polymer, surfactant or protein is often 
added to strengthen the adhesion of particle on substrate.2, 3 Such formulation could induce normal 
colloidal forces, yet lateral adhesion cannot be guaranteed. As dilution happens in complex fluid, 
formulation providing normal adhesion could be washed off. Currently, robust and efficient 
deposition under complicated fluid condition still remains challenging. Understanding how shear 
rate, dilution and composition affects deposition is essential to increase delivery ratio and best 
utilize each component in complex fluid.  
1.2. Background 
To increase percent deposition under shear flow, mechanism for deposition should be 
understood. Shear could induce a torque, a lateral force and a lifting force on center of particle4, 5 
that all could result in detachment via, respectably, rolling, sliding and lifting6. Normally, 
deposition mechanism could be categorized into two cases, through normal adhesion or lateral 
adhesion. In the case of deposition by normal adhesion, deformation and roughness of both 
particle7-9 and surface10-12 have been widely studied in biological and material system and proved 
to play a key role in deposition. Deformation and roughness could move pivot from particle center 
to the edge of contact and generate force lever for normal adhesive force to resist torque by shear 
flow. While friction between surfaces is the only force to resist shear induced lateral force, such 
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mechanism usually cannot resist high shear rate up to few thousand reciprocal second. Lateral 
adhesion is often a result of ligand-receptor bonding under shear flow that commonly seen in 
biomedical applications.13, 14 Polyelectrolyte as a synthetic non-specific binding agent has also 
been studied as a mimic of ligand-receptor bonding and as a common depositing additive in 
personal care product.15, 16 Since such tethers orient against flow and points towards substrate, they 
could provide extra lateral and normal force. Theoretically they could bring additional resistance 
against detachment.  
Polymer is often added in personal care product such as shampoo as strong adhesive 
additive to deposit anionic capsules or micelles containing fragrance oil or silicon oil to perfume 
and condition hair. The main purpose of shampoo and other personal care product is to clean the 
surfaces. Excess amount of anionic surfactant is added in formulation and inevitably neutralize 
cationic polymer. The interaction between polymer/surfactant (P/S) complex and their synergistic 
effect on colloid deposition in quiescent fluid has been reviewed and studied.17 The question 
remains how an external field such as shear flow could affect interaction between P/S in bulk and 
on substrate. Studies on the impact of shear flow on adsorbed polymer layer under a variety of 
solution condition, including shear rate18, solvent power19, ionic strength20 and pH21, have shown 
that adsorbed polymer layer can be significantly compressed under shear flow. Because of the 
strong electrostatic interaction between P/S, the complex often processes a stable yet not 
thermodynamic stable configuration especially at coacervation region while net charge is roughly 
neutral. Under shear flow, the coacervates would orient along flow direction.22, 23 This is claimed 
to be a result of distortion of polymer chain by shear flow, which enhances interchange of 
surfactant between polymer chains.24 Such reconfiguration drives complex towards a more 
thermodynamically stable state and larger size of coacervate. On the substrate, transfer of 
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surfactant in polymer layer was also observed to be enhanced increasingly with higher shear rate.25  
Studies focusing on deposition mediated with P/S usually focuses the role of formulation 
by studying equilibrated mixture sample. However, dilution process is often inseparable in 
application with such formulation, such as shampoo. There are limited studies studying how 
dilution of P/S would affect deposition of colloid. In bulk phase, dilution of concentrated P/S (with 
ratio close to 1) is reported to be accompanied by percipition.26, 27 Dilution decreases ionic strength 
and weakens screening effect between oppositely charged P/S. Interaction between P/S increases 
and solubility of complexes decreases. On a swift dilution, interface across concentration gradient 
could be densely packed and act as a kinetic barrier to slower exchange process between 
concentrated and diluted phase.27 Dilution in the bulk phase could also significantly affect the 
adsorbed phase. Since the presence of surfactant swells adsorbed polymer layer, the observed 
increasing in adsorbed amount together with increased density indicate a preferential dilution of 
surfactant.28-31 After dilution, polymer layer stays deposited and is almost free of oppositely 
charged surfactant. Polymer regains original charges and has more sites to form bridges with 




In our recent work,17 we studied the synergistic effect of polymer/surfactant on deposition 
of silica particles at a quiescent equilibrium state. Since the application of such system often
involves diluting shear flow, in this paper, flow cell apparatus and video microscopy are used to 
directly measure particle deposition under different dilution, shear flow and composition condition. 
Realistic formulation composition and its diluted composition were investigated on silica colloid 
and glass slides system, which were proved to be two surrogates for commercial fragrant oil 
carrying capsules36 and hair37. Initially deposited particles and particles deposited from flow were 
tracked and counted as a function of time or local concentration. Shear rate and concentration 
profile were obtained from simulation and related to deposition behavior. By comparing particle 
velocity with theoretical and performing force analysis, we calculated the lateral adhesive force on 
Figure 1. Illustration of flow cell experiment on multiple scales. (A) Setup of flow cell apparatus. (B) 
Flow chamber with injection of dyed diluting fluid. (C) Dilution profile near substrate chosen when solution 
is diluted in left window but not the right. (D) Particle scale schematics and tracked video of particle 
deposition behavior after(left) and before(right) dilution. Detached particles(grey) are not highlighted, 
deposited particles are highlighted and categorized into constantly deposited(red) and redeposited(blue). 
(E) Molecular scale schematics of particles near substrate after and before dilution. Size of polymer(cyan) 
and surfactant(blue) are extravagated to show composition difference. 
5 
particles upon detachment and deposition as a criterion for lateral stiffness. It was observed that
although part of initially deposited particles detaches under shear flow before arrival of local 
dilution, detached particles could deposit again once local dilution arrives. Deposition ratio could 
be thus conserved up to 90% and maintain so under high shear rate (2000 s-1). We conclude that 
dilution is play the decisive role in deposition of particles in an oppositely charged P/S system
under shear flow. 
2. THEORY 
Our study focuses on the deposited state or the slow viscous motion of a smooth 
undeformable spheres with radius a near substrate. We assume the fluid is Newtonian fluid with 
viscosity µ. In order to introduce high shear rate near substrate, a flow chamber with height h, 
length l, width w was designed(see Fig. S3) and proved that can create Poiseuille flow across 
vertical plane along velocity direction with a controllable velocity profile vf(Q,z). While width and 
length of flow chamber are both over 10 times larger than height, velocity distribution along x-
axis and y-axis can be neglected away from the boundaries on these two directions. With a 
programmed flow rate Q(t), 
2
3
6( , ) ( )f
Qv Q z hz z
wh
= −  (1) 
2( ) 0.003125[mL/ s ] ,0 160Q t t s t s= ⋅ < <  (2)
Figure 2. Model of deposited particles under shear flow. 
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where z is the elevation from substrate and t is time. Shear rate, ?̇?𝛾, near substrate will be constant 
and can be determined with the programmed flow rate as, 
 22
( , ) 6 12.4[ ]f
z h
dv Q z Q s t
dz wh
γ −= ≈ = ⋅

  (3) 
When a particle is deposited as described in Fig. 2, both angular velocity ωp and 
translational velocity vp would be zero. Normal force, lateral force and torque inequality on sphere 
at deposited state are 
 , ,( ) ( )L G A C A OF F F z F z< + +  (4) 
 S FF F<  (5) 
 , ( )S s A OT aF T z+ <  (6) 
where FL is the lifting force on the particle induced by shear flow, FG is the gravitational force, 
FA,C is adhesive force applied on contact point, FA,O is adhesive force applied offset from contact 
point, TA,O is torque caused by FA,O, FS and TS is the drag force and torque induced by shear flow. 
FF is an ensemble of possible tangential forces between particle and referred here empirically as 
friction force. In eqn. 4-6, detaching forces and torques are on the left of equation, while the 
resistant contributions are on the right. The torque balance (eqn. 6) is using contacting point as 
pivot and term aFS is the torque exerted at pivot due to shear induced drag force. The lifting force5, 
38, gravitational force, shear induced force and torque39 can be expressed as,  
 ( )
1




=   (7) 
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where g is acceleration due to gravity, ρp a1nd ρf are the particle and fluid density. fF,S and fF,S are 
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At limiting case of contact (z=a), fF,S(z)=1.7005 and fT,S(z)=0.9440. When a particle is 
deposited, FS is not large enough to overcome FF, two torques induced by shear flow is no larger 
than TA,O and FL is not large enough to overcome sum of FA and FG. The two terms of adhesive 
force FA,C and FA,O add up to FA, which is colloidal force composed of electrostatic, van der Waals, 
steric, depletion and bridging forces and has been previously studied.2, 40, 41 But unlike these studies 
in quiescent system, under shear flow, a perfect smooth particle will have the tendency to rotate 
and slide. This tendency could result in slight displacement, allowing polymer bridges to stretch 
and induce resistance against hydrodynamic detaching force and torque. These stretched polymer 
bridges reside at the rear of particle and generate force having lateral component of FF and normal 
component of FA,O. FA,C is most similar to FA except that FA,C doesn’t contain the contribution of 
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bridging force from shear flow induced stretched polymer bridges. An schematics of polymer 
bridges under shear flow drawn to scale is provided in Fig. S13 to detailly illustrate the origin of 
FF and FA,O.  
Upon detachment, the maximum friction force can be calculated since its value equals to 
value of FS at this moment. This maximum friction force serves as a good reprehensive for lateral 
adhesion of a deposited particle. After detachment, particles were observed most commonly to be 
rolling and sliding near substrate at low shear rate. Lateral force balance and torque balance for 
this case follow model by Godman et al.4(Fig. S3). At a given shear rate and elevation, all 
components in two balances but translational and angular velocity are known, thus vp and ωp can 
be solved. At a given elevation, velocity and angular velocity of the particle can be calculated at a 
given shear rate according to lateral force and torque balances(Fig. S4&S5). Normal force balance 
is simplified to be 
 ( )L G AF F F z< +  (13) 
Effective bridging interaction was not observed until dilution in-situ thus FF and FA,O can be 
neglected. FA,C is referred as FA because the absence of effective FA,O. 
3. MATERIAL & METHODS 
3.1. Glass Substrates. 
Glass slides (Corning) were used as substrates in all experiments. Glass surfaces were 
sonicated in isopropanol for 30 minutes, washed with deionized water, sonicated again in 0.1 M 




To prepare the starting solution with target composition, SLES (Texapon N70, BASF) and 
AAC (Salcare SC60, BASF) were used as received from Firmenich, and Nominal 6.46 μm 
diameter silica colloids (Bangs Laboratories) were used without further purification. Four 
composition were tested in this study as described in table 1 and Fig. 5. Composition A is 1/60 
times diluted of composition D, while composition D is a model shampoo composition. 
Composition B and C has the same surfactant content as composition A but increasing polymer 
concentration. Stock solutions of SLES and AAC in DI water were prepared separately and were 
sonicated until a homogenous solution is obtained. Then each stock solution of SLES and AAC 
was diluted in DI water to achieve concentration twice the value of target value. To mix solution, 
0.5 mL AAC solution was first added to an Eppendorf tube, 0.5 mL SLES solution and 3 μL silica 
colloids suspension were then added separately and simultaneously to AAC solution. The tube was 
capped and placed forthwith on a shaker for 30 minutes to reach equilibrium.  
To prepare flushing solution for a diluting experiment, authentic tap water was prepared 
with composition of 2.5 mM NaCl solution. The conductivity of the authentic tap water(300 μS/cm) 
is identical to tap water in the lab. For a non-diluting experiment, solution of SLES was added to 
AAC solution to prepare an AAC/SLES mixture with exact concentration with starting solution. 
The flushing solution did not contain silica particles. The mixture was then placed on a shaker for 
30 minutes before use. 
Table 1. Composition of initial formulation used in this study. Notes include: (a) AAC concentration as 
prepared, (b) SLES concentration as prepared and (c) figures that corresponding composition was adapted 
in. 
Composition No. A B C D 
[AAC] / wt%a 0.00834 0.05 0.2 0.5 
[SLES] / wt%b 0.2 0.2 0.2 12 
Adapted on figure 1,3,4A-E,5A, S1,S7,S8,S11,S14 3,5B,S7,S8,S12 3,5C,S7,S8 4F-J,5D,S9,S10 
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3.3. Flow cell apparatus.  
Flow cell was fabricated to create a fluid chamber between two glass slides and within two 
blocks made with poly(dimethylsiloxane) (PDMS) (see Fig. S2 for details). The length of the flow 
chamber was 55 mm, the width was 5 mm, and the height was 0.55 mm. Liquid PDMS and curing 
agent (Sylgard 184, Dow) were mixed at ratio of 10:1 and put in vacuum to remove bubble. On 
each smooth surface of a 6-inch silicon wafer, 4.1 g of PDMS mixture was poured on the center. 
The wafer was placed on the center of a shaker and let rotate at speed of 2 rpm for 1 hour and then 
transferred to a convection oven with a leveled tray to cure at 70℃ for 3 h. After complete 
crosslinking, peel off solidified PDMS and cut out slices with a uniform thickness of 0.55 mm. 
The shape was cut out as described in Fig. S2B. PDMS blocks were then sonicated in isopropanol 
for 15 mins and in deionized water for 5 mins and dried in a vacuum oven. After exposing PDMS 
blocks and glass slides to oxygen plasma for 50 s before binding, blocks were placed on one glass 
slide symmetrically and then another glass slide was placed above to seal the flow chamber. 
3.4. Experimental setup. 
To connect the setup, first restrain the flow cell on a prism or under a microscope. A 50 
mL syringe was used to contain around 50 mL of flushing liquid, and then connect to: female lure 
lock, tubing, male lure lock, 3-way stopcock and a blunt needle. Switch stopcock to stop flow to 
the unoccupied direction. The syringe was pushed by a syringe pump to remove air through the 
needle. Then the stopcock was switched to the needle and connect needle to the flow cell. Another 
blunt needle was connected to a tubing via a female lure lock was installed to the other end of flow 
cell as outlet. Epoxy was then used to fully seal the gap between needle and flow cell. Then the 
starting solution was transferred to a 1 mL syringe and connect a needle(B25-50, SAI). The 
solution was slowly injected to the flow cell by piercing through PDMS block near the entrance 
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of flushing fluid. To avoid air bubble, tilt flow cell while injecting so air in flow chamber could be 
exhausted through outlet. Pull out the needle after injection and seal the punch hole with epoxy 
(Loctite). Wait for epoxy to solidify and switch stopcock to unoccupied direction, then start the 
pump. 
3.5. Microscopy & Image Analysis. 
An optical microscope (Axioplan 2, Zeiss) and CCD camera was used to dynamically track 
and monitor colloids sedimented onto substrates. A flow cell was optically coupled to a 68o 
dovetail prism (Reynard Corp.) using index matching oil (n=1.515). A 10× objective was used in 
conjunction with a 12-bit CCD camera (ORCA-ER, Hamamatsu) at a capture rate of 28 frames/sec 
with 336 x 256 resolution (pixel length=607nm). 
3.6. Fluid mechanics simulation. 
A physics simulator (COMSOL Multiphysics 5.4 version) was used to perform fluid 
mechanics simulation. A time dependent, free of solute and fully developed Laminar flow with 
viscosity of 1 cP, density of 998 kg/m3 were injected from inlet needle into flow chamber. Nonslip, 
nonpermeable boundary condition were assumed. Transport of diluted species under Laminar flow 
was studied. Diffusivity was assumed to be 0 because of a high Peclet number near surfaces. 
Normal mesh sizes with each tetrahedral mesh unit having length between 50 μm to 200 μm were 
adapted and boundary layers were added in setting to have a higher resolution near walls. This 
model was simulated to yield velocity data and concentration data from t=0 s to t=60 s with an 
interval of 0.2 s. These settings are applicable for composition A-C. In case of composition D, 
initial fluid in flow chamber has viscosity of 6 cP and local viscosity after injection of water has 
linear dependence with concentration.  
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4. RESULTS & DISCUSSION 
Fig. 1 shows the experiment settings on multiple scales. On the lab scale(Fig. 1A), flow 
cell and accessories were build based on TIRM apparatus. The flow cell is mounted on a prism 
with laser aligned so that 3D trajectory of particles under shear flow can be obtained if necessary. 
In Fig. 1B, a close up view at the flow cell is given to help capture the real size. Red dye is added 
in diluting flushing fluid to signify dilution process in bulk. Fig. 1C is showing a snap from 
simulation near substrate when dilution arrives the first viewing window while the second viewing 
window further from entrance is still concentrated. The timepoint in Fig. 1C is different and 
postponed compared to Fig. 1B because of the difference between bulk dilution and dilution near 
boundary, which will be more detailly discussed in Fig. 3. After experiment, videos from 
microscope could be tracked as shown in Fig. 1D and will be discussed further in Fig. 4. The 
majority of particles can be categorized into three (Fig. 1D). In a concentrated region(e.g. the right 
window in Fig. 1C), detached(not heighted, grey) and constantly deposited(red) particles can be 
found. After dilution(e.g. the left viewing window), redeposited particles (blue) and constantly 
deposited particles can be observed. Molecule scale schematics for P/S configuration in Fig. 1E 
illustrate the mechanism for deposition and detachment. The dependence of configuration on 
dilution and formulation will be discussed in Fig. 5.  
4.1. Dilution process  
As mentioned earlier in this paper, dilution is found to have a close connection with 
deposition behavior of particles. Before explaining this connection, dilution and shear rate profile 
will be discussed to help better understand dilution process. In Fig. 3, a simpler case without 
13 
viscosity change after dilution is discussed. This is applicable to composition A-C. Composition 
D is more concentrated and the effect of viscosity change on dilution is discussed in SI.
Figure 3A-C show dilution bulk solution. In simulation, concentration along z direction 
was averaged up and shown in Fig. 3B as a direct comparison with color change in experiment.
Time before color change in experiment (7.8s) is comparable to that in simulation (6.8s). Since air 
Figure 3. Dilution and shear rate profile in flow cell. Simulation result is applicable for diluting 
experiments starting with composition A,B&C. (A) A top view of experiment when dyed flushing liquid 
arrives at viewing window(t=7.8s). Viewing window 3.5 cm from entrance is marked as black squares. (B) 
A top view of dilution profile averaged over thickness when averaged dilution arrives viewing 
window(t=6.8s). (C) A side view of dilution profile when averaged dilution arrives viewing window(t=6.8s). 
The snap is magnified along z-axis by 10 times for clear view. (D) Shear rate profile near substrate (z=a) 
on local dilution (t=30s). Normalized arrows show direction of fluid velocity. (E) Dilution profile near 
substrate (z=a) on local dilution (t=30s). (F) Snaps of dilution process around a deposited particle on side 










is inevitable as barrier between the changing composition and the compliance of plastic syringe is 
inevitable, this deviation is within tolerance. Considering that flow rate at the beginning is 
extremely slow but ramping (Fig. 3G,3H), deviation between experiment and simulation should 
subside to a negligible value over time. Side views along(Fig. 3C) and view normal(Fig. S8D) to 
flow direction are also shown at timepoint when dilution in bulk arrived. It can be shown in Fig. 
3C that dilution away from boundaries are uniform along z direction while dilution near substrate 
is much slower and dependent on elevation. A much slower fluid velocity near boundaries 
compared to that in bulk is accountable for this phenomenon. Convection near boundaries will 
thus be slowed. 
Figure 3D-E show shear rate profile and concentration profile at one particle radius above 
substrate at timepoint when dilution arrives in viewing window. Vortexes can be observed near 
entrance but not the exit. The entrance effect could result in much higher shear rate in the 
unequilibrated region that could easily detach particles. Detached particles are likely to be either 
trapped in vortexes or lifted into bulk and detach rapidly. Viewing windows for data acquisition 
are chosen away from entrance to avoid unequilibrated flow.  
Figure 3F shows a side view of dilution process around a deposited particle. Before(t=0s) 
and after(t=∞) dilution, the schematics starting with composition A as representative show 
mechanism of deposition and preferential dilution in adsorbed layer. Simulated concentration 
profile helps reveal the dilution process in between. On this micrometer scale, the boundary of 
dilution behaves like approaching toward substrate. Simulation shows in situ dilution begins at 
t=18s and ends at t=45s (Fig. 3I). This process takes a long time because of slow velocity near 
substrate and also because diffusion coefficient was assumed to be zero. Diffusion coefficient of 
surfactant will be reduced with the formation of micelles and be further decreased if in neutral 
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polymer solution, where the value would be on the magnitude of 10-8 cm2/s.42 Considering the 
opposite charge on P/S in this study, the diffusion coefficient could be lower. Peclet number for 
surfactant in such system is at least two order of magnitude greater than 1. To decrease unnecessary 
complexity, diffusion is neglected in our simulation. 
Dilution is postponed in the case of composition D. It takes 52 s to reach 50% dilution near 
substrate with viscosity change (Fig. S9J), 24 s longer than case without change in viscosity (Fig. 
3I). This difference can be explained by Saffman-Taylor instability or “viscous fingering“, in 
which high viscosity fluid can will be displaced by injected low viscosity fluid for higher mobility 
and Péclet number.43 Slower movement near substrate relative to the bulk result in slower dilution 
on surface, which subsequently leads to high viscosity fluid staying longer, and in turn more 
resistance promotes slower dilution. Simulation result with composition D is included and 
discussed in Fig. S8 and S9. 
4.2. Deposition behavior vs. dilution 
Raw data is illustrated and correlated with time. The experiment and simulation were 
performed starting with composition A&D, diluting flushing liquid was used, and video was taken 
3.5 cm from entrance. With our tracking algorism, deposited particles were tracked and 
categorized into constantly deposited and redeposited particles (Fig. S10). The number of 
deposited particles from different sources were counted as a function of time in Fig. 4A&F. The 
curves could be divided into three stages. The first detachment stage starts with the application of 
flow and ends with the surge in redeposition. During this stage, portion of initially deposited 
particles would detach with increasing shear rate and be washed off with flow. The second 
redeposition stage lasts few seconds during the surge of redeposition curve. A large portion of 
detached particles in view redeposited and fewer detached particles from upstream were observed 
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as redeposition stage proceeded. Finally, all curves plateaus and no further detachment of either 
constantly deposited particles or redeposited particles was observed. In this stiffly deposited stage, 
redeposition is still possible but was not observed because there are no detached particles from 
upstream. The stiffly deposited stage lasted until the end of experiment, where shear rate kept 
ramping up to 2000 s-1 and the particles stayed deposited. 
In comparison, as soon as dilution profile in Fig. 4B&G indicates the ongoing of dilution 
in solution near substrate, behavior of particles proceeds from detachment stage to redeposition 
stage. This revealed the strong connection between deposition and dilution in fluid near substrate. 
More experiments were done by adjusting the distance of viewing window from entrance, so that 
Figure 4. Deposition count from experiment and modeling data. (A-E) Data for composition A. (F-J) 
Data for composition D. (A,F) Count of deposition particle. Red line shows number of particles constantly 
deposited since the initial frame, blue line shows number of redeposited particles, purple line shows total 
number of deposited particles. (B,G) Dilution profile at z=a. (C,H) Shear rate profile at z=a. (D,I) Friction 
force change on detachment and deposition. Red arrow indicates change of friction force upon average(left) 
and last(right) detachment, blue arrow indicates average change upon deposition. (E,J) Schematics for two 


































































dilution could be postponed further away from entrance. Results show that by postponing dilution, 
the redeposition stage is also postponed with good consistence in their timepoints. Redeposition 
was not observed in experiments using nondiluting flushing fluid (Fig. S11&S12). Thus, it is 
concluded based on these observations that in situ dilution in fluid results in redeposition of 
detached particles.   
The detaching force applied on a detached particle is higher when they redeposit than when 
they detached. Based on hydrodynamic analysis discussed in theory part, friction force(Fig. 
4C&H) upon detachment and redeposition can be calculated depending on shear rate(Fig. 4D&I). 
Red arrows marked the averaged (left) and last (right) friction force at detachment. In Fig. 4I with 
composition D, initial hydrodynamic detaching forces and torques are 6 times higher than in 
Fig.4D given the same shear rate because of higher viscosity. A large detaching force in this case 
at the beginning may be one of the reasons for severe detachment. It is interesting that redeposited 
particles in both cases overcame higher detaching force (equals to friction force) to redeposit than 
when they detached. This indicates, very likely, a composition change in adsorbed layers on 
particles and substrate, which result in a different deposition mechanism as illustrated in Fig. 
4E&J.  
Friction force analysis provides a good measurement for lateral stiffness of deposited 
particles. For both experiments in Fig. A&F, a great portion of initially deposited particles 
detached right after the start of flow (the drop at the beginning has a delay from t=0 because of 
compliance in the pumping system and a tolerance in tracking code before categorized as 
detached). Effective lateral adhesion able to provide resistance against shear may not even present 
for these particles. Deposition of such particles could be a result of pure normal adhesion in 
quiescent condition. While our previous work using TIRM to accurately measure such normal 
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stiffness of deposition, friction force analysis could provide extra data on their lateral stiffness.  
4.3. Preferential dilution 
Before local dilution, deposition of particles is weak and vulnerable to shear flow. After 
dilution, particles are strongly deposited and can resist high shear rate. This change in lateral 
adhesion is mostly likely a result of change in composition of adsorbed layer, which is inevitably 
associated with dilution in fluid near substrate. 
While dilution in fluid has no preference on solute, possible ways for dilution on adsorbed 
layers can be categorized into four: negligible dilution of both P/S, significant dilution of both P/S, 
preferential dilution of polymer and preferential dilution of surfactant. In the case of negligible 
dilution of both P/S, a significant difference in lateral adhesion between pre-dilution and post-
dilution should not be observed. In the case of significant dilution of both P/S, particle could not 
deposit after dilution according to the state diagram (Fig. 5E). Composition of adsorbed layer could 
be diluted into green region, in which particles would not deposit even without flow. Preferential 
dilution of polymer is not likely to happen. Surfactant does not have direct attraction with substrate 
but strong electrostatic repulsion. Without adsorbed polymer, surfactant cannot resist shear flow 
and stay near substrate. 
Preferential dilution of surfactant is the most possible scenario. As reported, shear flow 
could distort polymer chains in a P/S system and enhance exchange of surfactant in absence of 
dilution.23, 25 If dilution is coupled with shear flow, such exchange of surfactant could very likely 
lead to dissociation from adsorbed layer into fluid because of a much lower concentration. 
Adsorption of cationic polymer on substrate can be easily maintained under shear flow with aid of 
electrostatic attraction.21 Such preferential dilution behavior has been reported before by Biggs et 
al.28 and Dedinaite et al.29. According to our steady state study, in the absence of surfactant a little 
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amount of polymer is sufficient to deposit particles. We surmise that during dilution in local fluid, 
preferential dilution of surfactant happens on the adsorbed layer while polymer stays adsorbed and 
regains more free positive charges.  
It is worth noticing that adsorbed layer on detached particles could also be preferentially 
diluted. Detached particles have translational movement with velocity around half of fluid 
velocity. So detached particles could be immersed in diluted liquid even though they are both 
transiting in the same direction. The velocity difference together with rotation of particles ensures 
shear around the detached particles, thus adsorbed layer on detached particles can also be 
preferentially diluted in a similar way as on substrate. 
4.4. Deposition behavior vs. starting composition 
It has been studied in our previous work that normal deposition behaviors of particles are 
varying with different P/S composition17. Above a critical P/S concentration, particles would be 
all normally deposited with no little difference. However, such normally deposited particles could 
have different lateral adhesion behaviors under the impact of shear flow. In application of complex 
fluid, such as daily care product, it is difficult to alter fluid dynamics environment. To increase 
percent deposition, the easiest way is to develop a formulation most favorable to deposition under 
representative fluid dynamics environment. Deposition behaviors of particles immersed in 
different diluting P/S composition were summarized in Fig. 5. Key steps, including deposition 
before introduction of flow, detachment under shear, redeposition on dilution and a final stiffly 
adhered state, were marked on deposition profile and illustrated with schemes. By understanding 
mechanism behind detachment and deposition behaviors, better formulation could be developed 
to optimize percent deposition.  
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In Fig. 5A, where the solution starts with composition A, 65% of particles detached before 
dilution. While 62% of detached particles redeposited, a final percent deposition of 74% were 
 
Figure 5. Deposition ratio in relation with dilution change and schematics at key steps during 
dilution. Plots in A-D show dependence of deposition behavior, including initially deposited(red), 
redeposited(blue) and total deposited(purple), on dilution process. Schematics (not to scale, size of 
molecules are extravagated) below describe P/S configuration and deposited/detached status at key steps 
corresponding to deposition profile. (E) A state diagram noting starting composition in A-D summarized 
based on our previous work (F)17. 
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obtained. Because of a low polymer/surfactant ratio in composition A, there are not enough 
positive charges to bind surfactant molecules. Micelles present widely around positively charged 
sites on polymer chains that weaken bridging interaction between particle and substrate. Particles 
detach easily moving from step i to step ii. As is concluded in the last section, dilution in solution 
near substrate result in a preferential dilution of surfactant in adsorbed layers. At step iii, surfactant 
molecules on both adsorbed layers are preferential diluted. Positively charged sites on polymer 
chains were exposed. Once a detached particle contacts substrate, polymer bridges would form 
and bring particle into the transitional stage(Fig. S4A). Particles will be slowed down, and more 
bridges will form between adsorbed polymer layers and vacant sites on both surfaces. A particle 
will thus be stiffly deposited as illustrated in step iv. In the experiment, shear rate keeps ramping 
up to 2000s-1 and these deposited particle stays adhered.  
In Fig. 5B, composition B was tested. At the same surfactant concentration, stronger lateral 
adhesion before dilution was observed with additional polymer. Only 17% of particles detached 
and 92% of detached particles redeposited after dilution, resulting in a high final percent deposition 
of 99%. Compared to Fig. 5A, higher polymer/surfactant ratio decreased concentration of micelles 
in solution and adsorbed layers by binding more surfactant onto polymer. More positively charged 
sites were exposed on polymer thus resulting in stiffer binding. The polymer concentration is also 
not too high that there are enough vacant sites on surfaces for polymer bridges to anchor. In Fig. 
5C, where concentration of polymer in composition C is further increased, overall charge is almost 
neutral in PS composition. Higher cationic exposure did not bring stiffer adhesion. With 88% of 
initially deposited particles detached and 79% of them captured on dilution, final percent 
deposition of 80% was obtained. Lateral stiffness before dilution shows non-monotonic 
dependence on polymer concentration. Lack of vacant sites on both surfaces could be the one of 
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the reasons for such reversed trend. Polymer chains with further increased concentration also have 
higher density of unoccupied cations and are crowded on surfaces. Severe detachment before 
dilution could be a result of the lack in anchoring sites on each polymer bridges. The lack of 
surfactant on each polymer chains may also bring about this weak lateral stiffness. Composition C 
is close to the coacervation region, where PS complexes are overall neutral and coacervation forms. 
The decrease in solubility may also be unfavorable the formation of bridges. After dilution, as 
surfactant molecules are washed off, solubility will be restored.  
Figure 5D is using composition D. This formulation contains large amount of both polymer 
and surfactant. Coacervation formed in some of our studies depending on mixing procedure that 
could interfere repeatability. Coacervation was not observed in result reported here, the solution 
was clear and uniformly viscous. Overall polymer/surfactant ratio for this composition is the same 
as composition A. Before dilution, polymer chains are suspected to be saturated with surfactant 
and bridging interaction is weak. Once shear flow is applied, all particles detached soon(also see 
Fig. 4F). A final percent deposition of 30% was obtained. The presence of viscosity difference 
slows dilution near substrate and gave detached particle more time to be washed off. Unlike 
deposition stage in experiment with low concentration, it is observed that deposition stage of 
detached particles lasted longer. Since the first deposition of a detached particle, other detached 
particles could still translate across window. Detached particles were not simultaneously deposited 
in this stage. Also, while most particles deposit singularly on substrate with composition A,B&C, 
a considerable portion of particles deposited on dilution were captured by deposited particles rather 
than substrate. The provided final capture ratio could be underestimated since it is challenging to 
accurately count number of particles in aggregates. These phenomena indicated quite different 
deposition process with high PS concentration. Substrate could have been saturated by polymer 
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chains that vacant sites are insufficient for detached particles anchor to. As all initially deposited 
particles detached on shear flow, 30% of them were captured after dilution.  
Composition could affect deposition at least through 2 major ways, polymer/surfactant 
ratio and polymer concentration. A larger polymer/surfactant ratio could favor lateral stiffness 
under low polymer concentration. Higher available cation ratio on polymer chains provides 
polymer bridges with more anchors and thus strengthen bridging interaction. High polymer 
concentration is unfavorable to lateral stiffness that high adsorbed density may result in insufficient 
anchoring sites on surfaces. Although deposition of detached particle could help increase final 
percent deposition, gravity may not be in favor of maintaining detached particles near substrate in 
application. Substrates are often parallel to gravity in applications such as rinsing shampoo from 
hair. Under such circumstance, detached particles few hundred nanometers away from substrate 
will be constantly lifted away and be washed off rapidly. To best increase final percent deposition, 
the best way could be avoiding detachment in the first place. Further research will be focused on 
more sophisticated designs of particle shapes to minimize detachment.  
5. SUMMARY & CONCLUSIONS 
Deposition behavior of colloidal particles in PS solution under diluting shear flow was 
measured and related to local dilution profile. Without dilution, the deposited particles detach with 
increasing shear rate. After dilution in fluid near substrate, large portion of laterally detached 
particles could deposit again, and deposited particles remain stiffly adhered on substrate. By 
varying initial composition, different detachment behavior and final percent deposition was 
observed. These findings revealed the important role of dilution and composition in depositing 
colloidal particles in a system with polymer and surfactant.  
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Consistent with our previous work,17 particles are deposited in quiescent fluid under 
conditions tested. When particles are deposited by strong normal adhesion, methods such as TIRM 
show little difference with different compositions. However, shear (tangential force) could detach 
normally deposited particles and induce different lateral detachment behaviors with different 
compositions. Critical tangential force could be calculated from shear rate on detachment as a 
criterion for lateral stiffness. The combination of preferential dilution and initial composition 
determines final percent deposition. Preferential dilution of surfactant on adsorbed layer exposes 
positive charges on polymer and enables redeposition of detached particles. Percent deposition 
could be maximized if detachment is minimized. Strong lateral stiffness before dilution inhibits 
detachment and can be optimized by adjusting composition. At a constant surfactant concentration, 
lateral stiffness increases with polymer concentration at lower region and decrease at higher value. 
This research provides an illustrative mechanism for particle deposition under nonequilibrium 
dilution of P/S composition. These findings could help design better formulation for a higher 
colloidal deposition efficiency and be inspiring to application such as personal care product.  
In future work, other factors such as roughness of particles or mixing order of P/S with 
colloids will be investigated. Roughness or novel shapes of particles could not only convert normal 
adhesion to lateral stiffness, the increased surface area close to substrate could be favorable to 
stiffer adhesion. Addition order in mixing colloids with P/S, which can be simply adjusted based 
on current manufacturing protocol, could also significantly affect strength of adhesion according 





6.1. Microscopy Apparatus 
To create a fluid condition best resemble the situation of washing shampoo off hair and to 
create a uniform linear shear flow dependent only on elevation, a flow cell was designed to 
accommodate flow with shear rate up to 2000 s-1. This maximum shear rate is estimated based on 
a model of falling liquid film on sphere by Wild et al.44 and the maximum flow rate (2.5GPM) 
suggested by Energy Policy Act. Such a model is a good estimation of shear flow falling on sphere 
without modification. In the presence of hair, shear rate should be lower than this estimated value 
because of higher hindrance from a structured porous structure. Figure S1.A is an illustration of 
connection and position for sample injection. 
To help compare deposition behavior before flow with our previous study and examine the 
change after dilution, flow cell is mounted on an apparatus for Total Internal Reflection 
Microscopy (Figure S1B). Instead of sealing fluid with an o-ring and a cover slide, two PDMS 
blocks with designed shape (Figure S2) and another glass slide were adhered on the bottom slide. 
Laser was aligned that the beam hits one side of glass prism vertically. The laser was turned off 
during the flow to avoid disturbance to video.  
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Figure S 1. Installment and setup of flow cell apparatus. (A) Illustration of a fabricated flow cell, starting 
fluid and flushing fluid are injected. (B) The microscope and the flow cell apparatus are mounted on the air 
table before experiment, and the flow cell is fixed on a prism. Diluting or nondiluting flushing fluid is injected 
from left and pushes through initial polymer/surfactant/colloid solution. 
 
Figure S 2. Design of flow cell apparatus. (A) The dimensions of the flow chamber are described. A black 
square on the Fig. denotes the position 3.5 cm from the entrance where most videos were shot. (B) The 
dimensions of two identical PDMS block are described. A separation with width of 0.54 mm was left between 
two blocks for insertion of blunt needles. 










6.2. Hydrodynamics for detached particles 
A detached particle is most often observed to be rolling and sliding near substrate. 
Translational velocity can be recorded by tracking motion of each particle. While rotation of 
perfectly isotropic spheres is hard to track, it is observed on some of slightly deformed particles
together with majority of perfect spheres. Such slow viscous motion of sphere near substrate has 
been studied by Goldman et al.4 In Fig. S3 when shear rate is not high enough to overcome 
adhesion and gravity, assumption that z ≈ a is made. Also, while focus of microscope was fixed at 
particle center, detached particles were still in focus while rolling away. In sample calculation, z/a 
was taken as 1.0032. This is the largest value applicable in asymptotic lubrication theory by 
Goldman et al. Reasons for not strictly contact (z/a=1) were given by Goldman et al. including 
effects of surface roughness, infinite velocity gradient approaching contact, inertial effects etc. In 
our experiment, polymer adsorbed on substrate and particle could also act like buffer with 
thickness of few nanometer between two hard surfaces.  
While colloidal force may still exist between a detached particle and substrate, it is highly 
dependent on separation and suspected to be small. Gravity and hydrodynamic lifting force should 
be dominating in normal direction. Equation for normal force nonequilibrium will be the same as 















described in deposited state. With rotational movement and translational movement, each could 
contribute to pressure tensor on sphere surface. The lateral forces and torques about mass center 
were integrated expressed in simple format by Goldman et al. The lateral force balance becomes, 
 xR S TF F F+ =    (14) 
where FTx is drag force induced by translational movement in x direction and FR is drag force 
induced by rotational movement, 
 ,( , ) 6 ( )xT p F TF Q z av f zπµ= ⋅   (15) 
 2 ,( , ) 6 ( )R p F RF Q z a f zπµ ω= ⋅   (16) 
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= − − −   (18) 
At contact, z/a = 1.0032 and two factors have value as fF,T(z)=-4.02 and fF,R(z)=0.51. The 
torque balance for a detached particle is, 
 R T ST T T= +   (19) 
where TT is torque induced by translational movement in x direction, TR is torque induced by 
rotational movement, 
 2 ,8 ( )T p T TT a v f zπµ= ⋅   (20) 
 3 ,R8 ( )R p TT a f zπµ ω= ⋅   (21) 
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= − −   (23) 
At contact, z/a = 1.0032 and two factors have value as fT,T(z)=0.385 and fT,R(z)=-2.68. By 
solving lateral force balance and torque balance at a given height with known shear rate, the value 
of vp and ωp can be calculated as, 
 ,( , ) ( , ) ( )p f L vv Q z v Q z f z   (24) 









 1, ( ) 0.5676Lf z zω −=   (27) 
At contact, z/a = 1.0032 and two factors have value as fL,v(z)=0.4529 and fL,ω(z)=0.5315a-
1. 
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Three commonly observed states of particles under shear flow are described in Fig. S4A. 
In the process of detachment, a deposited particle will start to roll while remaining in contact with 
substrate. Such rolling in contact state is transitional in our study before the particle would be 
elevated to a detached state. While particles are detached, it is likely that they would be further 
lifted far from substrate if shear rate is high enough. In this situation, velocity of fluid could be up 
to 40 times higher than near substrate, and ratio between particle velocity and fluid velocity will 
be asymptotic to 1. Fast washing off of such particles can be observed with particles out of focus 
translating rapidly across window. Since they cannot be captured by substrate and cannot 
contribute to percent deposition, this state is not studied in this paper. During deposition of a 
detached particle, it will contact surface and enters the “rolling in contact” state and then be 
  
Figure S 4. States of particle and velocity profile in relative to elevation. (A) Three states of particle 
motion, deposited(left), rolling in contact(middle) and detached(right). (B) Relation between the ratio of 
particle velocity to the fluid velocity at the height of a particle radius with separation between surfaces.    
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captured by lateral adhesion and deposit. Similar categorization has also been used in other 
reports.45 
While colloidal forces are sensitive to height within few tens of nanometer, rolling particles 
in contact with substrate are usually reported to be moving much slower than fluid because of such 
interactions. As will be discussed in section III, detached particles are observed to be moving with 
a velocity comparable to fluid velocity and agrees with model in which colloidal forces is not 
included. Therefore, detached particles are speculated to have separation of tens to few hundreds 
nanometer from substrate and experiencing negligible colloidal forces compared to hydrodynamic 
forces. With such separation, particles could still be within focus under microscope. The precise 
separation is hard to measure with hydrodynamic method. Figure S4B shows monotonic 
relationship between particle/flow velocity ratio to separation. But this dependence is not sensitive 
enough within such magnitude. It is not reliable enough to back calculate the separation with 
tracked particle velocity. However, the precise separation is not critical to the current research and 
hydrodynamic analysis is good enough for an order of magnitude estimation. The precise value 
could be measured by TIRM with our current flow cell apparatus. Similar research has also been 
conducted combining TIRM with flow devices.46 
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6.3. Particle tracking velocimetry 
As discussed in the previous section, the force and torque balance include four variables, 
translational velocity, angular velocity, shear rate and elevation. By assuming contact and with
given shear rate, translational and angular velocity of a detached particle could be calculated. Thus, 
velocity of tracked particles could be compared with velocity predicted this model. Figure S5
shows good agreement between experiment and simulation in an experiment without viscosity 
change. The experiment start using composition A (0.00834wt% AAC and 0.2wt% SLES), 
diluting shear flow was applied, and video was taken 3.5 cm from inlet. Comparison ends after 25 




Figure S 5. comparison of particle velocity from experiment and simulation. 
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6.4. Simulation of dilution and shear rate  
In order to prove reliability of our simulated fluid mechanics result, food dye was added to 
flushing solution to indicate concentration change in bulk solution. Time before color change in 
viewing window is compared with dilution time from simulation. Under condition without 
viscosity change (Fig. S6A&B), it took 7.8 s before red dye reaching viewing window. Compared 
to 6.8s required by simulation, the error is within tolerance. In Fig. S8A&B , red dye reached 
viewing window 6.6s after it entered flow cell compared to 6.3s by simulation. To be noticed, red 
dye entered flow cell 7 seconds after pump was started. This interval could be a result of air at 
front of needle or deformation of piston. Low volumetric velocity at the beginning of pumping 
profile exacerbated this lag.  
Dilution near substrate under presence of viscosity change is much slower than in the 
absence. This can be seen by comparing Fig. S7 and Fig. S9, although dilution in bulk takes similar 
amount of time, it is much slower near substrate with viscosity change(Fig. S6&Fig. S8). It takes 
27 s to reach 50% dilution near substrate without viscosity change(Fig. S7), but 52 s for the case 
with change in viscosity (Fig. S9). Shear rate profile in Fig. S7I shows good linearity increasing 
with time. With disturbance of viscosity change  proportionally with time at the beginning. After 
dilution in the bulk comes through the chamber and arrives the exit , slow dilution together with 
slower shear rate is predicted near substrate. After dilution near substrate, shear rate increases 
swiftly and will be asymptotic to the result at constant viscosity. These differences can be 
explained by Saffman-Taylor instability or “viscous fingering”, in which high viscosity fluid can 
will be displaced by injected low viscosity fluid for higher mobility and Péclet number.43 Slower 
movement near substrate relative to the bulk result in slower dilution on surface, which 
subsequently leads to high viscosity staying longer, and in turn more resistance promotes slower 
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dilution. 
Figure S 6. Dilution profile in flow cell for composition A, B, C. (A) A top view of experiment when dyed 
flushing liquid arrives at viewing window(t=7.8s). Viewing window 3.5 cm from entrance is marked as black 
squares. (B) A top view of dilution profile averaged over thickness when averaged dilution arrives viewing 
window(t=6.8s). (C) A side view of dilution profile when t=6.8s. The snap is magnified along z-axis by 10 
times for clear view. (D) A cross section view of dilution profile normal to flow direction when t=6.8s.(E) Top 
view of dilution profile of a layer at the center(z=h/2) of flow chamber when t=6.8s. (F) Top view of dilution 
profile of a layer one particle radius from substrate (z=a) when t=6.8s.(G) A schematics showing change in 










Figure S 7. Dilution and shear rate profile in flow cell for composition A, B, C. (A,C,E) Shear rate 
profile near substrate (z=a) at different time point. Normalized arrows show direction of fluid velocity. (B,D,F) 
Dilution profile near substrate (z=a) at different time point. (G) Snaps of dilution process around a deposited 
particle on side view. (H) Flow rate profile from pump programing. (I) Shear rate profile at z=a. (J) Dilution 












Figure S 8. Dilution profile in flow cell for composition D. (A) A top view of experiment when dyed 
flushing liquid arrives at viewing window(t=13.6s). Viewing window 3.5 cm from entrance is marked as black 
squares. (B) A top view of dilution profile averaged over thickness when averaged dilution arrives viewing 
window(t=6.3s). (C) A side view of dilution profile when t=6.3s. The snap is magnified along z-axis by 10 
times for clear view. (D) A cross section view of dilution profile normal to flow direction when t=6.3s.(E) Top 
view of dilution profile of a layer at the center(z=h/2) of flow chamber when t=6.3s. (F) Top view of dilution 
profile of a layer one particle radius from substrate (z=a) when t=6.3s.(G) A schematics showing change in 










Figure S 9. Dilution and shear rate profile in flow cell for composition D. (A,C,E) Shear rate profile 
near substrate (z=a) at different time point. Normalized arrows show direction of fluid velocity. (B,D,F) 
Dilution profile near substrate (z=a) at different time point. (G) Snaps of dilution process around a deposited 
particle on side view. (H) Flow rate profile from pump programing. (I) Shear rate profile at z=a. (J) Dilution 











6.5. Original and tracked experimental video 
Fig. S10 shows snaps of experiment video observing deposition behavior of particles under 
shear flow. Fig. S10A is an unprocessed frame at the beginning of video, negatively charged 
particles with diameter of 6.46µm are deposited on negatively charged glass slide in quiescent 
fluid with composition A. Although particles with different sizes were studied compared to our 
previous study, particles were still deposited prior to flow under all four composition tested. This 
agrees with state diagram (Fig. 5E) proposed by our previous study17. Particles with larger size 
was adapted to better mimic fragrant capsules in personal care product36, and are more challenging 
to deposit under shear field.6  
By tracking trajectory of each particle, deposited particles will be highlighted with different 
color identifying the origin of their deposition. Red circles represent the particles constantly 
deposited from the initial frame of video and blue circles highlight particles that had detached and 
then redeposited on substrate. Particles not highlighted were detached and moving across window. 
 
Figure S 10. Snaps of deposited particle being washing off by ramping diluting shear flow and 
deposit again from flow. (A) Snap of original video before start of flow. (B-F) Snaps of tracked video 
during flow at different time point. Red circles highlight deposited particles from the beginning, blue circles 









Fig. S10B is a frame in tracked video at the same timepoint as in S10A, all particles are deposited 
and highlighted red unless not tracked. Flow starts after t = 0s together with detachment stage. In 
Fig. S10C when t=10s, the number of red highlighted particles has significantly decreased. Many 
detached particles appeared, indicating severe detachment after shear flow. After another 10s, in 
Fig. S10D, quantity of red circles further decreased. Blue circles started to show up, indicating the 
start of redeposition stage. Compared with Fig. S10D, Fig. S10E at t=30s has a large increment in 
number of blue circles. This burst of redeposition behavior of detached particles was observed to 
last less than 5s. After redeposition stage, there was no more detached particles moving in window 
thus further deposition cannot be observed. The number of red highlighted and blue highlighted 
particles both plateaued after deposition stage(Fig. S10F). In the perspective of the general stages 
observed, this video is representative for the rest of experiments using diluting flow.  
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6.6. Deposition profile in related with dilution profile 
By advancing or postponing viewing point the time in Fig. S11&S12 , the dilution profile can be 
advanced or postponed. By tracking particle deposition behavior, we found that the end of detachment stage 
and the start of redeposition stage is advanced or postponed with dilution profile, which showed a strong 
connection between these two processes.   
 
Figure S 11. Correlation of dilution profile and deposition count under different conditions for 
composition A. All four experiments start with composition A (0.00834wt% AAC and 0.2wt% SLES). (A) 
Schematic indicating the position of viewing windows (B) Diluting experiment at 2 cm from inlet. (C) Diluting 
experiment at 3.5 cm from inlet. (D) Diluting experiment at 5 cm from inlet. (E) Non-diluting experiment at 
3.5 cm from inlet. Grey lines on top show dilution profile, red line counts deposited particles from initial, blue 


































6.7. Schematics for polymer bridges under shear flow 
Once shear flow is applied on a deposited particle, particle will rotate slightly until enough 
displacement that polymer bridges can be stretched. Enough force and torque can be generated to 
counter detachment. Configuration of polymer layers could be categorized into five regions (Fig. 
S13). In region I, separation between front of particle and substrate are larger than thickness of 
undisturbed polymer layer 𝛿𝛿𝐵𝐵. Bridges does not form, and polymer chains are at rest. In region II
 
Figure S 12. Correlation of dilution profile and deposition count under different conditions for 
composition B. All four experiments start with composition A (0.05wt% AAC and 0.2wt% SLES). (A) 
Schematic indicating the position of viewing windows (B) Diluting experiment at 2 cm from inlet. (C) Diluting 
experiment at 3.5 cm from inlet. (D) Diluting experiment at 5 cm from inlet. (E) Non-diluting experiment at 
3.5 cm from inlet. Grey lines on top show dilution profile, red line counts deposited particles from initial, blue 







or III, within a region with length of 𝑙𝑙𝑥𝑥 polymer layer is compressed by particle. Bridges form 
and exert forces FII or FIII on particle resisting compression. FII and FIII are symmetrical according 
to the yz-plane crossing contact point. In region IV, bridges were stretched due to displacement of 
particle from initial position under shear flow. A force FIV is generated at rear of particle and 
contribute to deposition. In region V, separation is too large and bridges rupture. Total force in 
normal and later direction and torque exerted by polymer bridges on particle are,  
IV
z z z z
B II IIIF F F F= + +   (28) 
 x x x xB II III IVF F F F= + +   (29) 
 z z zB I II III III IV IVT l F l F l F= ⋅ + ⋅ +   (30) 
 
Figure S 13. Schematics of polymer bridging under shear flow. (A) Schematics of polymer bridging in 
the front of particle. Polymer is at rest and bridges do not form in region I. In region II, separation is smaller 
than the thickness of an undisturbed polymer. Bridges form and are compressed. (B) Schematics of 
polymer bridging at rear of particle. In region III, Polymer brushes are compressed. In region IV, bridges 








where 𝑙𝑙𝐼𝐼𝐼𝐼, 𝑙𝑙𝐼𝐼𝐼𝐼𝐼𝐼, 𝑙𝑙𝐼𝐼𝑉𝑉  are the distance in x between contact point to a polymer in corresponding 
region. Since region II and III are symmetrical, lateral force and torque can be simplified to, 
x x
B IVF F=   (31) 
 zB IV IVT l F= ⋅   (32) 
Normal bridging force 𝐹𝐹𝐵𝐵𝑍𝑍 contributes to colloidal force 𝐹𝐹𝐴𝐴  while lateral bridging 𝐹𝐹𝐵𝐵𝑥𝑥
force is referred as friction force 𝐹𝐹𝐹𝐹 and torque𝑇𝑇𝐵𝐵 is referred as 𝑇𝑇𝐴𝐴,𝑂𝑂 in our paper.  
6.8. Normal adhesion before and after dilution 
In TIRM experiment, elevation of spherical colloids from surface, h, could be measured by 
the intensity of scattered evanescent wave,  
( ) ( )0 expI h I hβ= −   (33) 
where I is the scattered intensity, I0 is contact intensity, and β is decay length of evanescent wave. 
If the height of particle is observed long enough, its distribution n(h) can be converted to potential 
energy profile u(h) with Boltzmann’s equation, 








u h u h n h




  (34) 
where h0 is a reference height usually chosen as the most probably height.  
In Fig. S14, potential profile of deposited particles is obtained before and after dilution of 
composition A. As can been seen, attraction well obtained before dilution is wider than after 
dilution, which means normal adhesion is higher after dilution. This agrees with flow cell 
experiment, after dilution, deposited particles could resist detachment by higher shear rate than 
before.   
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